ponents and verify their identity by high-resolution tan-(KS) domain of EpoC, and the KS domain of EpoC decarboxylates the methylmalonyl-S-EpoC acyl enzyme to dem MS (MS/MS) [15]. The studies presented here demonstrate that ESI/Q-FTMS provides robust information
generate the carbon nucleophile that reacts with methylthiazolyl substrate. The resulting condensation product about upstream cofactor requirements and substrate specificities for the EpoC polyketide synthase from can be reduced in the presence of NADPH by the ketoreductase (KR) domain of EpoC and then dehydrated by epothilone biosynthesis in Sorangium cellulosum.
Like the well-known antitumor agent paclitaxel (Taxol), the dehydratase (DH) domain to produce the methylthiazolyl-methylacrylyl-S-EpoC acyl enzyme intermedithe epothilones have proven to be potent tubulin depolymerization inhibitors in vitro [16] , and the anticancer ate that serves as the acyl donor for subsequent elongation of the epothilone chain. efficacy of several epothilone derivatives is currently being assessed in clinical trials. The gene cluster for the Previous work has reconstituted the early steps of epothilone biosynthesis, using the ACP domain of EpoA epothilones has been isolated and consists largely of PKS modules, with a single NRPS module, EpoB, lo-(EpoA-ACP), EpoB, and EpoC [19] . Methyl-thiazolyl-S-NAC can also be presented to EpoC to result in formation cated between the first (EpoA) and third (EpoC) PKS modules of the cluster [17, 18]. In the early steps of the of the final product. Additionally, unnatural substrates were also shown to be processed by the epothilone epothilone biosynthetic pathway, the methyl-thiazolyl group is formed by acetyl transfer from the first PKS machinery [20] . Reaction intermediates in this case were visualized by using a radioactive substrate, hydrolyzing subunit, EpoA, to the cysteine substrate of the NRPS subunit, EpoB [8] . Subsequent cyclization, dehydration, the thioester-bound compounds under basic conditions, and analyzing by HPLC. This approach, although and oxidation by EpoB results in the methyl-thiazolyl species, which then becomes the electrophilic donor to successfully used to characterize many aspects of the epothilone assembly line, poses disadvantages. First, the downstream PKS acceptor subunit EpoC ( Figure  1C Figure 3D ). In this case, no detectable enzyme is bound by methylmalonyl, and 4B-4E). The relative ratios of thioester-bound EpoC intermediates for all S-NAC experiments are summarized the relative ratios of the holo, decarboxylated methylmalonyl, and the ␤-ketoacyl (ϩ181.0 Da) forms were in Table 1 . To study the identity and abundance of acyl-S-EpoC detected as 5%, 20%, and 15%, respectively (results summarized in Table 1 ). Careful analysis of the mass intermediates from the holo forms of the three subunits EpoA, B, and C, reconstitution of acetyl-loaded EpoAspectrum within the adduction region of the methylthiazole-methylacrylyl-S-enzyme product has indicated ACP, cysteinyl-loaded EpoB, and methylmalonyl-loaded EpoC (as in [19, 20]) followed by digestion, reversethat the reduced ␤-hydroxyl species prior to dehydration was not observed, consistent with biochemical experiphase fractionation, and ESI/FTMS afforded apparent occupancies of 50% for the methyl-thiazole-methylments in which this intermediate was also not observed acrylyl-S-enzyme form (ϩ165 Da), 15% ␤-ketoacyl, no pancies are summarized in Table 1 carrier peptides. These include (1) fractionation of chempossible, these would not obviate determination of substrate loading or kinetic profiles for NRPS/PKS synthesis ically distinct species by Ͻ2 min during chromatography and (2) multiple charge states observed in ESI-MS (e.g., due to the systematic reproducibility (within 5%) of the apo/holo ratios observed on different days for the same 9 ϩ , 10 ϩ , 11 ϩ , etc.). In general, fractions containing different forms of the same carrier peptide are physically sample (data not shown). The apo/holo change is the most drastic structural change, with the most mechanismixed (typically 2-3), and abundance information from multiple charge states is combined in the determination tically meaningful ratios determined from species with very subtle structural differences. Hence, as a represenof relative ratios. For example, occupancies of 85% and 15% were obtained in the Figure 3A spectrum for the tative experiment to assess the reproducibility of the methodology presented, the methyl-thiazolyl-S-NAC apo and holo forms of this carrier peptide (11 ϩ ions). These occupancies were found to be 95%/5% and 95%/ experiment was performed in triplicate. The relative ratios of holo-enzyme and the thioester-bound intermedi-5% for the 10 ϩ and 12 ϩ charge states of the same peptide, respectively (data not shown). By calculation of the ates were determined to be 0%, 20% (propionyl-), 20% (methylthiazolyl-␤-ketobutyryl-), and 60% (methylthiamean over every charge state present, the occupancies determined are ‫.%01/%09ف‬ zolyl-methacrylyl-), with a maximum standard deviation of 5.6% (see Supplemental Figure S1 available with this The extent to which the occupancies determined by this study reflect the actual ratios on the intact enzyme article online). EpoC depends primarily on the difference in ionization efficiencies between the peptide forms, which is a func-
Observation of Enzyme-Bound Products and Reaction Intermediates tion of the molecular weight of the peptides upon which the covalent intermediates reside. For the 14 kDa pep-
The distribution of the anticipated condensation products covalently docked on EpoC is comparable when the tide of Figure 3B , 98% of its mass does not change after the various substrates/intermediates are covalently methyl-thiazole acyl donor is presented on the carrier protein of EpoB ( Figure 1C) or if presented as an tethered. Although systematic errors in these ratios are Figure 3D ), it is notable that the enzyme exhibits quality control with respect to condensation highly efficient association and transfer between reconstituted enzymes, EpoA, B, and C, as well as the effecversus downstream processing of the intermediates on the ACP domain. In the case with no NADPH present, tiveness of the acceptance of acyl-S-NAC substrates as upstream donor mimics (see Table 1 ). However, as downstream processing after C-C bond formation is not possible, and thus abundantly more enzyme ‫%02ف(‬ verindicated by comparing the extent of processing (C-C formation, keto reduction, dehydration) in the various sus 70%) is in the unproductive decarboxylated/protonated form. Although the reduced amount of ␤-ketoacid alternative S-NAC substrates, the identity of the acyl donor has a profound effect on the efficiency of intermereleased product observed in the HPLC analysis suggested that product formation might be less efficient in diates accumulating on the ACP domain of the EpoC PKS module. These results begin to provide insights the absence of NADPH (unpublished observations), the relative ratios of reaction intermediates could only be into how alternative substrates may exhibit deleterious effects in the multistep assembly lines. When considerobtained using mass spectrometry. Table S1 ). For example, the experimental molecular weights, rational engineering. 
